Introduction
Cisplatin ( 2 ], cbdca = cyclobutane-1,1-dicarboxylate, Fig. 1 ) and oxaliplatin ([Pt(ethanedioato-O,O′)(chxn)], chxn = 1R,2R-cyclohexane-1,2-diamine) are used in combination with other agents to treat a range of cancers. However, with the exception of most cases of testicular cancer, the treatment does not effectively eliminate tumors because they develop resistance to the drug. After entering cells, the platinum drugs exert their toxicity by binding to DNA and inducing apoptosis. Resistance is conferred through multiple cellular changes, including reduced uptake, reduced apoptotic signaling, upregulated DNA damage repair mechanisms, altered cell cycle checkpoints, and disrupted assembly of the cytoskeleton [1] . Although the pleiotropic mechanisms underlying cisplatin resistance are well documented, some mechanisms are still poorly understood and the clinical relevance of many mechanisms of cisplatin resistance remains unknown. There remains the need for further studies of mechanisms of action of platinum drugs, both alone and in combination with other therapeutics, to provide an understanding of why some new platinum agents such as BBR3464, picoplatin and satraplatin have not succeeded in clinical trials [2] .
A persisting challenge when studying Pt-based drugs in biology is that there are few spectroscopic handles available for monitoring them, as there are for organic-based drugs [3] .
Abstract
The platinum drugs cisplatin, carboplatin, and oxaliplatin are highly utilized in the clinic and as a consequence have been extensively studied in the laboratory setting, sometimes by generating fluorophore-tagged analogs. Here, we synthesized two Pt(II) complexes containing ethane-1,2-diamine ligands linked to a BODIPY fluorophore, and compared their biological activity with previously reported Pt(II) complexes conjugated to carboxyfluorescein and carboxyfluorescein diacetate. The cytotoxicity and DNA damage capacity of Pt-fluorophore complexes was compared to cisplatin, and the Pt-BODIPY complexes were found to be more cytotoxic with reduced cytotoxicity in cisplatin-resistant cells. Microscopy revealed a predominately cytosolic localization, with nuclear distribution at higher concentrations. Spheroids grown from parent and resistant cells revealed penetration of Pt-BODIPY into spheroids, and retention of the cisplatin-resistant spheroid phenotype. While most activity profiles were retained for the Pt-BODIPY complexes, For example, none of the Pt drugs are fluorescent in a way that is amenable to microscopy. In addition, radiolabeling with [ ] is not feasible because the 6 protons on the ammine ligands of cisplatin exchange rapidly in water, and it contains no carbon. Carboplatin can be labeled on the 'leaving' cbdca ligand, limiting its utility [4, 5] , but oxaliplatin's chxn ligand can be labeled [6] . While isotopes of 15 N and 195 Pt are useful for mechanistic studies in solution (for example, by HSQC NMR) [7] , these are not amenable to cellular studies. The main technique employed is an atomic detection technique such as GF-AAS or ICP-MS to measure bulk levels of Pt in cells because Pt is not endogenous to biology. However, little information about speciation and cellular localization of compounds can be gained. X-ray absorption spectroscopies such as X-ray absorption near-edge spectroscopy (XANES, for oxidation state) and X-ray fluorescence (XRF or SRIXE for cell localization) [8, 9] , and nano-scale secondary ion mass spectrometry (NanoSIMS) are possible [10] .
Bierbach and colleagues have reported a post-labeling system for determining sub-cellular localization of modified Pt complexes [11] , and fluorescent sensors that can be applied to Pttreated cells to image Pt species [12] [13] [14] have also emerged. However, these techniques require sample fixation and, therefore, live-cell temporal imaging is not possible.
To address these challenges, a number of Pt complexes containing tethered fluorophores that retained the traditional structure-activity requirements for Pt(II) anticancer complexes (square planar complexes with cis leaving groups and amines) have been generated [15] . Reedijk and co-workers reported the synthesis of a Pt(II) complex conjugated to carboxyfluorescein diacetate (CFDA) through an ethane-1,2-diamine (en) ligand, in which the CFDA became fluorescent upon hydrolysis of the acetate groups to carboxyfluorescein (CF) [16] . Howell and co-workers subsequently used this complex (termed FDDP, fluorescent cisplatin, numbered 5 in the present paper) to show that the molecule was trafficking to vesicular compartments, with little detectable nuclear localization [17, 18] . Farrell and co-workers reported a cis-ammine/amine cisplatin analog tethered to N-(7-nitro-2,1,3-benzoxadiazol-4-yl)ethane-1,2-diamine (NBD), which undergoes lysosomal localization and was shown to be cytotoxic, but about tenfold less so than cisplatin [19] . There is also a commercial 'universal linkage system' (ULYSIS) for DNA labeling based on the affinity of platinum for nucleobases [20] . These complexes do not conform to platinum structure-activity rules and contain only a single leaving group, having the general formula [PtCl(en)(NH 2 R)] + , with the primary amine tethered to a fluorophore (R), of which a number have been produced including cyanines, fluorescein, and rhodamine [21] . While not biologically active, the ULYSIS AlexaFluor-488 dye has been used to demonstrate defective trafficking of Pt in cisplatin-resistant cell lines [22] . As examples of more recent work, complexes tethered to BODIPY (described below) have been reported [23] , including a cationic Pt complex for imaging mitochondrial localization [24] . Platts and co-workers reported platinum trimethyl bipyridyl thiolates that could emit in the near infrared for cellular imaging [25] .
An obvious limitation to adding a fluorophore to a small inorganic complex is that it may significantly alter the physicochemical properties and biological activity of the complex. There has been no systematic assessment of the pharmacology of these analogs, and it is not clear whether the fluorescent analogs are an appropriate model for the cellular behavior of cisplatin and its congeners. For instance, none of the Pt-fluorophore complexes studied have reported significant nuclear localization.
A significant number of studies exist reporting the synthesis of Pt complexes conjugated to a cytotoxic ligand, such as a DNA intercalator that happens to also be fluorescent, in an attempt to generate a more toxic or DNAspecific experimental therapeutic. These constructs are by
BODIPY-propanamide-Pt (10) Fig. 1 Structures of the compounds used in this study. For each platinum-dye complex, the Boc-protected dye was used as a control for comparison definition not appropriate for studying Pt localization as the fluorophore itself is not 'innocent' by design, and the fluorophore may strongly influence the cellular localization of the Pt center [3, 26] . Therefore, we synthesized several complexes reported in the literature, along with two new boron-dipyrromethene (BODIPY)-conjugated complexes that differ in the linker employed (amide and propanamide). It should be emphasized that probe molecules such as those described in this paper are not candidate experimental therapeutics, though there is also a rich literature describing Pt complexes tethered to intercalators [26] . The inherent fluorescence of many intercalators means that the cellular fate of these complexes can be visualized, but they are designed to modify the biological behavior of the Pt and as such do not represent candidate probes for the fate of Pt [3] . In this study, we assessed these complexes for solvent stability in dimethylsulfoxide (DMSO) and dimethylformamide (DMF), lipophilicity (distribution coefficient, logD), cytotoxicity against parental and cisplatin-resistant cancer cell lines, and cellular accumulation. Cellular localization was assessed using live-cell confocal microscopy at 1 and 24 h, and DNA damage was inferred by assessing phosphorylation of the histone H2A family member H2A.X in fixed cells. Cisplatin and a BODIPY-conjugated complex were also assessed for their activity and distribution in threedimensional (3D) culture in Matrigel, a gelatinous mixture of proteins derived from mouse sarcoma cells which is often used as a basement membrane matrix in 3D cell culture [27] . While this manuscript was in preparation, Miller et al. reported the synthesis of other BODIPY-conjugated cisplatin and carboplatin analogs, and reported their cytotoxicity and DNA damage activities. A comparison with the activity for complexes synthesized in this study is made, and we qualify the conclusions in the studies of Miller et al. by reporting that the activity of BODIPY-Pt is inactivated by the solvent DMSO [23] . By evaluating the efficacy of these fluorophore-conjugated Pt complexes as analogs for cisplatin, this study holds implications for further in vivo studies of platinum-based compounds for tumor treatment.
Materials and methods

Materials
All reagents and solvents were obtained from commercial sources and used as received unless otherwise noted. 5(6)-Carboxyfluorescein N-succinimidyl ester (CF SE), cisplatin, dimethylsulfoxide (DMSO), dimethylformamide (DMF), and 1-octanol were purchased from Sigma-Aldrich. 
Synthesis
Compounds 3-10 were examined for biological activity in this study. Compounds 3-9 were previously reported as outlined below, and 10 is novel. Figure 2 illustrates the method of synthesis of the three BODIPY-containing compounds 8 (BODIPY-Boc), 9 (BODIPY-Pt) and 10 (BODIPYprop-Pt). The Pt-free Boc-protected fluorophore derivatives 4 (CFDA-Boc), 6 (CF-Boc) and 8 (BODIPY-Boc) were obtained in the reaction of N-Boc-ethylenediamine with the corresponding N-succinimidyl ester of dye in the presence of base. To synthesize the Pt-containing BODIPY compounds, the precursors 11 and 12 were synthesized as described previously [16, 28] . The [(2,3-diaminopropionic acid)(dichloro) platinum(II)] complex 14 was synthesized in a one-step procedure [29] . NMR, MS and IR structural characterization are in agreement with the published data for all previously reported compounds. The BODIPY FL-Pt analog 9 (BODIPY-Pt) was obtained by the reaction of 12 with BODIPY FL succinimidyl ester in the presence of base. Compound 10 was prepared by reaction of 14 with an amine derivative of BODIPY FL (15) using a standard coupling procedure (Fig. 2) . The fluoresceincontaining Pt complexes 5 (CFDA-Pt) and 7 (CF-Pt) were synthesized as previously reported [16, 17] .
To a solution of BODIPY FL SE (30 mg, 0.077 mmol) in anhydrous dichloromethane (10 mL) N-Boc-ethylenediamine (14 μL, 0.084 mmol) was added followed by triethylamine (12 μL, 0.084 mmol). The reaction was allowed to stir for 20 min and then was transferred to a separator funnel. The organic layer was washed with water (2 × 6 mL) and brine (1 × 6 mL). The solvent was evaporated yielding 28 mg (Y 84 %) of dark orange solid. [ (3-(5,5-difluoro-7,9-dimethyl-5H-4λ 4 ,5λ 4 -dipyrro lo [1,2- 
To a solution of 12 (35 mg, 8.9 × 10 −2 mmol) in deionized water (3 mL) a solution of BODIPY FL SE (35 mg, 8.9 × 10 −2 mmol) in DMF (6 mL) followed by triethylamine (25 μL, 0.178 mmol) was added dropwise at room temperature. The reaction mixture was stirred for 2 h. Progress of the reaction was followed by ELSD-HPLC. The reaction mixture was diluted with deionized water (50 mL) and freezedried. Ice-cold water (7 mL) was added to the resulting powder and the mixture was stirred for 5 min. The precipitate was filtered off and washed with ice-cold water (3 × 5 mL), ethanol (2 × 5 mL) and diethyl ether (2 × 5 mL) affording 1 as dark orange solid (40.5 mg, Y 72 %). [ (2,3- 4 ,5λ 4 
-dipyrrolo[1,2-c:2′,1′-f] [1,3,2] diazaborinin-3-yl) propanamido)ethyl)propanamide)dichloroplatinum (II)]; BODIPY-prop-Pt (10)
A solution of BODIPY FL SE (5 mg, 1.28 × 10 −2 mmol) in dichloromethane (1.5 mL) was added dropwise to a solution of ethylenediamine (1.28 µL, 1.92 × 10 −2 mmol) in dichloromethane (1.5 mL) and the mixture was stirred for 30 min. Progress of the reaction was monitored by ELSD-HPLC. The solvent was removed under reduced pressure and the resulting dark orange residue was dried under high vacuum for 36 h. The crude product 15 (4.3 mg, quantitative) was used in the next step of the synthesis. −2 mmol), 1-hydroxybenzotriazole hydrate (1.7 mg, 1.27 × 10 −2 mmol) and triethylamine (4.5 µL, 3.2 × 10 −2 mmol) were added, and the mixture was stirred for 15 min at room temperature. A solution of 10 (4.7 mg, 1.27 × 10 −2 mmol) in DMF (1 mL) was then added and the reaction mixture was stirred for 2 h. The mixture was diluted with deionized water (30 mL) and freezedried. The resulting residue was then treated with ice-cold water (4 mL), stirred for 5 min and filtered off. The solid was subsequently washed with ice-cold water (3 × 2 mL), ethanol (2 × 1.5 mL) and diethyl ether (2 × 1.5 mL) affording 2 as dark orange solid (5.3 mg, Y 61 %). 
Mass spectrometry
Solutions of BODIPY-Pt were prepared using DMSO or DMF at a concentration of 10 µM. Solutions were kept at room temperature in the dark for 48 h prior to analysis. Accurate mass data were obtained on a Waters Premiere LCT ESI time-of-flight mass spectrometer operated in the positive ion W-mode at 10 K resolution. The high-performance liquid chromatography solvent pump was operated at 200 µL/min and the solvent composition was 50:40:10 water:methanol:acetonitrile. Samples were flow injected via a sample loop and ionized in the electrospray ion source. The electrospray capillary was operated at 3.5 kV and at 350 °C. The desolvation gas was purified nitrogen. All test solutions were made fresh and incubated at room temperature in the dark prior to analysis. The MS data were analyzed using Waters MassLynx 4.1 software.
Distribution coefficient (log D) measurement
Distribution coefficient measurements were performed by making 200 µM solutions of compounds in 3 mL PBS, layered with 3 mL 1-octanol, vortexed briefly, and were shaken in the dark for 4 h. Mixtures were then allowed to settle at room temperature. Fluorescence in the 1-octanol and aqueous layers was determined using an Ibidi optical-bottom 96-well plate fluorimeter. All samples were run in triplicate and logD was calculated as log([oct]/[aq]). Data are reported as mean ± SD.
Cell lines and cell culture
This study used the KB-3-1 human cervical carcinoma cell line (a subline of HeLa), and its cisplatin-resistant sublines KB-CP.5 and KB-CP20. Originally, KB-CP.5 and KB-CP20 cells were selected in a single step in 0.5 µg/mL (1.6 µM) and in multiple steps up to 20 µg/mL (0.103 mM) cisplatin, respectively, in our laboratory as described previously [30] . All cell lines were thawed immediately before experimentation, and cell lines are characterized by NCI using short tandem repeat profiling. The cisplatin stock solutions used for culturing CP.5 and CP20 cells were prepared in PBS. The cisplatin-resistant cells were maintained in the presence of cisplatin, which was removed from growth medium 3 days prior to all experiments. All cell lines were grown as monolayer cultures at 37 °C in humidified 5 % CO 2 , using DMEM with 4.5 g/L glucose (from Invitrogen), supplemented with l-glutamine, penicillin, streptomycin, and 10 % FBS (BioWhittaker).
Cytotoxicity
Cell survival was measured by the CellTiter-Glo (Promega) assay. Cells were seeded at a density of 1000 cells per well in 96-well opaque plates and incubated at 37 °C in humidified 5 % CO 2 for 24 h. Compound was serially diluted 1:3 (DMEM used as diluent) and added to plates to achieve the intended final concentrations. Solvent (DMSO and DMF) tolerance testing up to 8.3 % under identical conditions at 24, 48, and 72 h incubation time points confirmed growth of all cell lines was unaffected. Cells were then incubated an additional 72 h, and the CellTiter-Glo assay was performed according to the manufacturer's instructions (Promega). Bioluminescence values were measured on a Victor3V spectrophotometer (PerkinElmer). All CellTiter-Glo assays were performed in triplicate. IC 50 values were defined as the drug concentrations required to reduce cellular proliferation to 50 % of the untreated control well. Statistical analysis was performed using Prism 6 Prism 6 (GraphPad Software). All data are expressed as mean ± SD.
Three-dimensional cell culture
Each well of a white 96-well plate was coated with 40 µL of 5 mg/mL Matrigel and allowed to gel for 30 min at 37 °C. Cells were then seeded over this base layer at a density of 1000 cells per well in 100 µL of 2.5 mg/ mL Matrigel (Corning Matrigel Matrix) and incubated at 37 °C and 5 % CO 2 for one day to culture singlecell suspensions, or 4 days to allow spheroid formation. Cells were then treated with compound as previously described. After drug incubation cytotoxicity was determined using CellTiter-Glo assays as previously described and according to the manufacturer's directions.
H2AX immunohistochemical staining
KB-3-1 cells were fixed and stained with Phospho-Histone H2A.X (Se139; 20E3) Rabbit mAb (Alexa Fluor 647 Conjugate; all components from Cell Signaling Technology) following the manufacturer's instructions and as previously described [31] . Cells were seeded at 5 × 10 4 cells per chamber in 8-chamber coverslips and incubated for 24 h. Cells were then incubated with Pt complexes for 24 h, after which they were washed with PBS, fixed in 4 % paraformaldehyde, and blocked with blocking buffer (PBS/5 % normal horse serum/0.3 % Triton X-100) for 1 h. Diluted antibody was then applied, and cells were incubated overnight at 4 °C. Cells were then washed and stained with DAPI nuclear stain (2 µg/mL for 1 h) and imaged using a Zeiss LSM 710 NLO confocal microscope.
Flow cytometry
Cells were trypsinized and 200,000 cells were added to 5-mL FACS tubes. Cells were then centrifuged, washed twice with IMDM supplemented with 5 % fetal bovine serum, and resuspended in compound diluted in IMDM supplemented with 5 % fetal bovine serum (final concentration 25 µM, only fluorescent compounds were examined). Cells were incubated at 37 °C for 45 min, then washed as above and resuspended in PBS. Tubes were immediately placed on ice and analyzed by flow cytometry. FL-1 fluorescence intensities were measured using a FACSCanto flow cytometer equipped with a 488 nm argon laser for a total of 10,000 events per sample. Gating analysis was performed using FlowJo flow cytometry software.
Confocal microscopy
For two-dimensional confocal localization imaging, KB-3-1 and KBCP.5 cells were seeded at a density of 5 × 10 4 cells per well in 8-well chamber slides and allowed to attach at 37 °C in humidified 5 % CO 2 
Results and discussion
Design and synthesis of platinum-fluorophore conjugate
Our aim was to synthesize Pt-fluorophore complexes and compare them with cisplatin (1) and [PtCl 2 (en)] (2) (all structures shown in Fig. 1 ). This latter compound was particularly relevant as the ethane moiety serves as the point for functionalization (3) and conjugation of fluorophores (synthetic schemes for BODIPY compounds shown in Fig. 2 ). Based on previous literature, we prepared Boc-protected versions of CFDA (termed here CFDA-Boc, 4) and CF (termed here CF-Boc, 6), as well as CFDA (CFDA-Pt, 5) and CF (CF-Pt, 7) conjugated to Pt via an amide linker [17, 18] . We synthesized a Boc-protected BODIPY fluorophore (BODIPY-Boc, 8) and two BOPDIPY-conjugated Pt complexes that differ in the linker used: one with an amide linker (BODIPY-Pt, 9) and one with a propanamide linker (BODIPY-prop-Pt, 10). While this manuscript was in preparation, BODIPY-Pt (9) was reported by Miller et al. [23] , using an identical synthetic strategy (Fig. 2) that proceeded via reaction of BODIPY FL succinimidyl ester (BODIPY FL SE, Fig. 2 ) conjugated to the terminal amine of 12. The complexation to Pt did not result in altered excitation and emission maxima (not shown), consistent with previous reports [23] . 195 Pt NMR spectra of BODIPY-Pt and BODIPY-prop-Pt (Supplementary Figure 1B,1C , respectively) revealed a single peak in the range consistent with a PtN 2 Cl 2 coordination sphere reported in the literature [32, 33] , and distinct from that of K 2 [PtCl 4 ] (Supplementary Figure 1A ). It should be noted that an earlier report of 'bodipy-cisplatin' exists (prior to Miller et al.) in the literature but no details of synthesis, characterization or structure were included in that report [34] .
Lipophilicity of fluorescent compounds was assessed by distribution coefficient ([octanol]:[phosphate-buffered saline, pH 7.2] partition, log D) using fluorescence measurements and compared to literature data for the parent Pt complexes cisplatin (1) and [PtCl 2 (en)] (2) (Table 1) [35] . The CFDA-Pt and CF-Pt complexes partitioned preferentially to the aqueous layer (both logD values~−2), similar to 1 and 2. The Pt complexes with BODIPY both had positive logD values (BODIPY-Pt logD = 0.98, BODIPY-prop-Pt logD = 0.66). The slightly lower logD of BODIPY-prop-Pt can be accounted for based on the second hydrophilic amide incorporated into the propanamide linker. Miller et al. reported a logP value of 0.58 for BODIPY-Pt, which is slightly lower than our report, but as their partition was into unbuffered water (which they defined as logP) our discrepancy is not unreasonable.
Excipient interactions and utility
Given the limited aqueous solubility of the platinum-fluorophore complexes, an organic solvent was required to create stock solutions of agents. We recently reported the deleterious effects of DMSO on the biological activity of platinum(II) complexes [31] , caused by ligand replacement and coordination to DMSO via its sulfur [36] . A number of alternative solvents have been utilized in the literature for drug dissolution for biological experiments, one of which is DMF.
There is surprisingly little information on the inherent cytotoxicity of DMF. The highest percentage DMF utilized in cytotoxicity assays is 0.25 % in cell culture media, with subsequent 1:3 serial dilutions of drug reducing it further (see "Materials and methods"). We have previously shown that DMF had no deleterious effect on cisplatin cytotoxicity when used as the stock solution solvent, but that DMF did cause cell death at higher concentrations than would be utilized in in vitro assays (3 %) [31] . To determine whether DMF could be utilized as a general solvent for Pt complexes in biological assays, its effect on cellular viability was examined to ensure solvent toxicity would not exclude its use. KB-3-1 cells were seeded, then exposed to varying concentrations of DMF from 8.3 to 0.001 % (1.1 mM-164 μM). After 4, 24, 48 and 72 h, cellular viability was determined, with longer incubation times producing toxicity at higher percentages (Supplementary Figure 2 ). No effect on viability occurred at 4 h, and at 24 and 48 h concentrations lower than 1 % did not affect viability. After 72 h, 0.34 % DMF had little effect on cell viability, with 1 % DMF inhibiting cell growth almost completely. This indicates that at the percentages of DMF utilized in biological assays, there should be no contributing effect from DMF.
To assess DMF's utility, we examined whether it modified Pt-Boc. This was examined in two ways. First, Pt-Boc (3) was dissolved in DMSO-d6 and DMF-d7 and stored in the dark at room temperature.
1 H NMR spectra of the solutions were collected over time (0 h to 1 week, Fig. 3) .
As expected based on previous work, DMSO modified Pt-Boc. The 0-h sample spectrum was collected immediately after dissolution, and examination of peaks in the NH region (highlighted in Fig. 3 , en ligand at 5.3 and Boc-protected amine at 6.7) revealed minor peaks already appearing upfield of the parent peaks due to reaction with DMSO. The reaction with DMSO appeared to be complete at 24 h because there were no evident subsequent changes to the spectrum, and at least two products existed in solution, with little to no parent compound remaining. In contrast, DMF resulted in no noticeable spectral changes after storage at room temperature for 1 or 10 weeks. Second, these observations were supported by ESI-MS (positive mode) spectra of DMF and DMSO solutions of Pt-Boc (10 μM) collected after 48 h. In DMF, the parent peak corresponded to unmodified Pt-Boc (m/z = 647.1, Pt-Boc + NH 4 + ), and no peaks could be assigned to DMF-related adducts (Supplementary Figure 3 ). The mass spectrum of Pt-Boc in DMSO revealed a base peak corresponding to the replacement of a Cl ligand by DMSO (m/z = 671.1, [PtCl(DMSO) (enBoc)] + ), consistent with the reaction products of cisplatin and other platinum(II) complexes previously reported [31, 37, 38] .
We compared the cytotoxicity of cisplatin and [PtCl 2 (en)] dissolved in DMF and in saline (consistent with the clinically formulated solution) towards KB-3-1 cells. This confirmed that DMF did not deactivate either complex (Table 1) . Furthermore, cisplatin-resistant KB-CP.5 cells demonstrated the same degree of cross-resistance to both complexes in either solvent, but IC 50 values were not reached against the highly resistant KB-CP20 cells. The maximum concentration tested was lower, as the saline stock solutions are prepared to 3 mM, while DMF stock solutions can be prepared at higher concentrations. As expected, [PtCl 2 (en)] was less cytotoxic than cisplatin [39] .
Activity of platinum-fluorophore complexes
Compounds were tested for their inherent cytotoxicity towards parent KB-3-1 cells, and two cisplatin-resistant sub-lines, KB-CP.5 and KB-CP20, which show low-and high-grade resistance, respectively. The Boc-protected dyes were also assessed as controls to ascertain whether the dyes possessed biological activity independent of Pt. Cisplatin and [PtCl 2 (en)] were tested as positive controls. Consistent with previous results for cisplatin, CP.5 cells showed resistance to cisplatin (tenfold) or [PtCl 2 (en)] (40-fold). Against CP20 cells, [PtCl 2 (en)] did not achieve an IC 50 (up to 500 μM), and were 60-fold resistant to cisplatin. PtBoc was less cytotoxic than its analog [PtCl 2 (en)] (KB-3-1 IC 50 = 16.7 ± 0.9 μM), but cross-resistance profiles were similar (CP.5 cells tenfold resistant, CP20 cells 26-fold resistant), indicating that the conjugation to the ethane-1,2-diamine backbone did not inactivate the complex.
The BODIPY-Pt complex showed activity against KB-3-1 cells (IC 50 = 35.7 ± 1.5 μM), and CP.5 and CP20 cells showed cross-resistance. Miller et al. reported the IC 50 of this complex against two ovarian cancer cell lines to be >700 μM; however, they dissolved the complex in DMSO [23] .When we dissolved BODIPY-Pt in DMSO, the IC 50 against KB-3-1 was reduced by an order of magnitude to 391.7 ± 35.2 μM, confirming that the lack of activity reported by Miller et al. was probably due to inactivation by DMSO, rather than the inherent inactivity of the complex. The BODIPY-prop-Pt complex showed the greatest cytotoxicity of any Pt-dye complex against KB-3-1 cells (IC 50 = 35.7 ± 1.5 μM), with cross-resistance to CP.5 (twofold) and CP20 (tenfold) cells.
The CFDA-Pt complex showed low-level activity against KB-3-1 cells (IC 50 = 71.6 ± 29.5 μM), and both CP.5 (fourfold) and CP20 (sixfold) cells showed crossresistance. The Boc-protected dye CFDA-Boc also demonstrated cytotoxicity towards cells (IC 50 = 116.1 ± 8.9 μM), weaker than that of the Pt-CFDA complex, but with equal activity against the cisplatin-resistant cells. The CF-Pt complex, representing the hydrolyzed dye form of CFDAPt, did not demonstrate cytotoxicity up to 500 μM, nor did CF-Boc (Table 1) . This is likely due to the negative charge of the complex conferred by the organic acid groups, and is reflected in its slightly lower logD value (−2.66).
DNA damage potential
To assess whether the Pt-dye complexes could elicit DNA damage and cell killing normally elicited by cisplatin [2] , we examined phosphorylation of the histone H2A family member H2A.X. H2A.X is phosphorylated at serine 139 (termed γH2A.X) as part of the cellular response to DNA damage, recruiting DNA-repair proteins, and is also phosphorylated during apoptosis induced by DNA damage [40] . H2A.X has been shown to be phosphorylated in cells exposed to cisplatin, carboplatin, and oxaliplatin [41, 42] , and to correlate with the cytotoxic potency of platinum complexes [31] . Cells were treated with compounds, and γH2A.X foci were evaluated by immunofluorescence microscopy after 24 h treatment (Fig. 4, magenta) . The antibody absorbed and fluoresced at different wavelengths to the compounds to ensure fluorescence spillover was not responsible for false-positive signals. Cells treated with cisplatin, [PtCl 2 (en)], and Pt-Boc elicited a strong DNA damage response compared with control (untreated) cells.
While CF-Pt and CFDA-Pt did not produce γH2A.X foci even at high concentrations (100 μM), BODIPY-Pt and BODIPY-prop-Pt did so at 50 μM. This is supported by Miller's observation that fluorescently labeled 53BP1 protein localized to the nucleus in cells treated with BODIPY-Pt (50 μM). We also examined the ULYSIS 546 platinum complex at 100 μM (Supplementary Figure 4) . The concentration of ULYSIS 546 reagent provided by the vendor is not disclosed, but using absorption spectrometry a standard curve was generated with AlexaFluor 546 dye to determine the ULYSIS 546 reagent concentration to be 100 μM. No γH2A.X foci were evident in ULYSIS Fig. 3 Timecourse 1 H NMR spectra of Pt-Boc dissolved in a DMF and b DMSO. Stability of Pt-Boc in solution was measured at 0, 24, 48, 72 h, 1 week, and in the case of DMF 10 weeks. The NH region of PtBoc is highlighted in the spectra by a red bar 546-treated cells. None of the fluorophore-Boc compounds produced foci associated with γH2A.X, indicating that while they were weakly cytotoxic, the dyes could not induce DNA damage independent of platinum (Supplementary Figure 5 ).
Cellular distribution of Pt-fluorophore complexes
One feature of many cisplatin-resistant cells is diminished accumulation compared with parent cells [43] . We examined the cellular accumulation of fluorophore-Boc and Pt-fluorophore complexes in KB-3-1 and CP20 cells using flow cytometry, to examine whether resistant cells accumulate lower levels of Pt-dye consistent with previous observations for Pt drugs [22] . Cells were incubated with compounds for 45 min, then cellular fluorescence was measured, and values normalized against accumulation in parental cells (Fig. 5) . CP20 cells accumulated 25 % less BODIPY-Pt than parent cells, while BODIPY-Boc accumulation was unaffected in resistant cells.
The Pt-CF also showed a small but statistically significant 17 % reduction in accumulation, while the CF-Boc control was unaffected. In contrast, the control CFDABoc dye showed a large 80 % reduction in accumulation in resistant cells, whereas Pt-CFDA accumulation actually increased in CP20 cells. The absolute fluorescence measured in CFDA-treated KB-3-1 cells was two orders of magnitude greater than the CF-treated cells, consistent with the hydrolytic trapping of CFDA dyes in cells, and the poor cellular permeability of CF dyes. The weakly resistant CP.5 cell line does not show reduced levels of Pt compared with KB-3-1 cells, and this was the case for the Pt-dye complexes examined here (not shown).
We next examined the cellular localization of fluorophore-Boc and Pt-fluorophore complexes (10 μM) in KB-3-1 cells using live-cell confocal microscopy following incubation for 1 or 24 h (Fig. 6 ). CF-Boc showed very low cellular signal, whereas CFDA-Boc, CF-Pt and CFDA-Pt localized to punctae and ring-like structures at the cell periphery consistent with previous reports of endocytosis and vesicular localization of FDDP [17, 18] . CFDA-Pt was distributed evenly through the cell at 1 h, but at 24 h it was not observed except in occasional cells that appeared to be dead or dying (rounded). The same was true for the Boc-protected dye, suggesting elimination or metabolism of the dye in cells over time. Both BODIPY-Pt and BODIPY-prop-Pt showed stronger cellular signal at 1 h compared with 24 h, with diffuse signal observed in the perinuclear space, and no discernible co-localization with the DNA dye Hoechst. The ULYSIS 546 platinum complex appeared in KB-3-1 cells diffusely distributed in the perinuclear space at 1 h, and as large vesicular structures at 24 h (Supplementary Figure 6) . In the resistant CP.5 cells, compounds were strongly localized in large vesicles at 1 h, and in most cases these were largely absent from cells after 24 h (Supplementary Figure 7 ). This is consistent with previous observations that resistant cells sequester platinum complexes in vesicular structures [44] .
The H2A.X microscopy of fixed cells pre-treated with compounds also allowed examination of fluorescence, as the H2A.X antibody (AlexaFluor 647-conjugated, excitation 633 nm) spectral properties do not overlap with the fluorophores conjugated to Pt (excitation 488 nm) (Fig. 4) . Cells were treated with 50 μM compound (compared with 10 μM for the live microscopy described above). At this higher concentration, both BODIPY platinum complexes demonstrated cytosolic and nuclear localization, as did the CFDA-Pt complex, while CF-Pt did not produce any signal (Fig. 4) . This is consistent with observations using XRF to examine cisplatin distribution in A2780 ovarian carcinoma cells, which showed nuclear and cytosolic pools of cisplatin [45] . At the same concentration, the dye controls produced minimal cellular signal (Supplementary Figure 5) .
Pt-fluorophore complexes in multicellular systems
We also examined the permeability and activity of BODIPY-Pt in three-dimensional (3D) culture. There is surprisingly little literature on the activity of platinum complexes in 3D culture compared with 2D and no literature we could identify examining the behavior of cisplatin-resistant cell lines grown in 3D [46, 47] , despite the fact that cells growing in multicellular structures have been shown to have different response patterns to cytotoxic agents [48] . These differences stem from factors such as high interstitial pressure, hypoxia, a large proportion of cells being quiescent (not dividing) and high metabolite concentrations leading to extracellular acidity [49] . We established KB-3-1 and KB-CP.5 cells as spheroids by seeding them in Matrigel and allowing growth for 1 week (until spheroid diameter was approximately 100 μm). Spheroids were incubated with compounds for 1 h, and then confocal microscopy was used to examine the distribution (Fig. 7) . The BODIPY-Boc control demonstrated higher accumulation at the periphery of the spheroid, supported by the intensity histogram generated from a cross-section (Fig. 7c, d ). This is consistent with observations for many small molecules, with limited diffusion into spheroids for a range of reasons including lysosomal and other trapping mechanisms [50, 51] . In contrast, BODIPY-Pt did not appear to accumulate at the periphery, with little accumulation occurring in the outer leaflet of the spheroids but strong fluorescence in the center. This unusual accumulation feature was not related to cell death, as spheroids were treated with a low concentration (10 μM for 1 h). The CF dyes showed little to no accumulation in spheroids, and while the CFDA-Boc demonstrated a ring-like fluorescence at the spheroid periphery, CFDAPt demonstrated little to no accumulation in spheroids, in contrast with monolayer (2D) cells. The CP.5 spheroids demonstrated similar cell distribution patterns to KB-3-1 spheroids (Supplementary Figure 8) .
To determine whether the cisplatin-resistant cells maintained their phenotype in 3D, we examined the activity of cisplatin, [PtCl 2 (en)] and BODIPY-Pt against cells grown in Matrigel. One common strategy for assessing response to cytotoxins in 3D is to grow spheroids on a non-adherent surface such as agarose, and assess cellular response based on changes in diameter (and, therefore, spheroid volume) or by a biochemical read-out [52] . Cells can also grow as spheroids in protein matrices such as Matrigel, and while viability assays are complicated by 3D architecture for a number of reasons [53] , we utilized CellTiter Glo viability assays (which assay ATP content) with a prolonged incubation period (60 min) to ensure all cells were lysed [54] .
Two Matrigel growth conditions were examined. Cells were plated in Matrigel, and allowed to establish for 24 h or 4 days before addition of compounds. At 24 h, cells were considered to be single cells, whereas at 4 days multicellular spheroids were apparent in Matrigel (observed by transmission microscopy, not shown). We examined these Matrigel conditions for two reasons. First, we wanted to assess if differences in drug response were due to multicellularity versus an effect conferred simply by the presence of Matrigel. For example, it has been shown that Matrigel, as a dense protein solution, participates in drugprotein binding [55] , though the extent of cisplatin binding to Matrigel is not known. Second, we wondered whether the single-cell suspension of cells in Matrigel responded to cisplatin in a similar manner to 2D cells, which also have minimal cell-cell contacts.
As anticipated based on general literature evidence, the spheroids (3D 4 day) were less sensitive to cisplatin than monolayer (2D) cells (Table 2 , 2D IC 50 = 2.5 ± 0.1 μM, 3D 4 day IC 50 = 9.4 ± 0.7 μM). The same pattern was observed for [PtCl 2 (en)]. Spheroids formed from CP.5 cells retained a resistant phenotype towards cisplatin (3D 4 day: 3.4-fold resistant vs. 2D: 8.4-fold resistant) and [PtCl 2 (en)], though the degree of relative resistance was diminished. The sensitivity of single-cell Matrigel suspension (3D 1 day) was intermediate between 2D cells and 3D spheroids. In most cases CP.5 cells grown in 2D and 3D 1 day showed statistically equivalent sensitivity. The BODIPY-Pt complex also showed reduced efficacy against 3D 4-day spheroids ( Table 2 , 2D IC 50 = 36.9 ± 1.3 μM, 3D 4 day IC 50 = 140.9 ± 6.6 μM), spheroids were cross-resistant.
Conclusions
In this study, we examined several fluorophore-conjugated platinum complexes and assessed them in the context of the mechanism of action of cisplatin. The BODIPY-tethered platinum complexes demonstrated elevated cytotoxicity compared with the CF/CFDA-conjugation complexes, cross-resistance to cisplatin-resistant cells and phosphorylation of H2A.X. At higher concentrations, nuclear localization of the BODIPY-platinum complexes was observed, along with cytosolic/perinuclear staining that could be detected at lower concentrations. This observation is consistent with results from other techniques examining Pt distribution in cells, as diverse as sub-cellular fractionation [56, 57] and XRF/SRIXE [45] . Our observations of activity are consistent with that of Miller et al. who used a localization assay to demonstrate that 53BP1 relocalized to the nucleus following BODIPY-Pt treatment, with the qualification that DMSO as a solvent inactivates these complexes as demonstrated here. In other words, while DNA binding correlates with cytotoxicity of Pt complexes, the majority of Pt in a cell is not bound to DNA. The CF and CFDA platinum complexes demonstrated poor cytotoxicity, and DNA localization and H2A.X phosphorylation was not observed.
The main discrepancy appears to be related to uptake defects in cisplatin-resistant cells. While cisplatin-resistant cell lines (CP.5 and CP20) showed cross-resistance to Pt-fluorophore complexes indicating, the reduction in accumulation measured by flow cytometry (Fig. 5) for BODIPY-Pt and CF-Pt is less than that observed for cells exposed to agents such as [ 14 C]carboplatin, cisplatin, and dyes used as markers of endocytosis (50-75 % reduction) [22, 58] . This result suggests that the platinum-fluorophore complexes must enter the cell through pathways somewhat different from those used by the compounds listed above. Exactly what the pathway of these BODIPY-platinum compounds is within the cell to the nucleus remains to be determined, but since the cisplatin-resistant cells that we examined are resistant to these compounds, and their defect is in uptake and intracellular trafficking of platinum derivatives, it appears likely that they share intracellular trafficking pathways with clinically used cytotoxic platinum compounds. We believe these BODIPY complexes demonstrate improved potential for understanding the intracellular trafficking of platinum compounds in vitro and in vivo.
